Abstract-We investigated the characteristics of photonic crystals (PCs) nano-ring resonators as biochemical sensors theoretically. The new nano-ring resonators were formed by removing holes of a hexagon from a two-dimensional (2-D) silicon PC slab in hexagonal lattice. Resonant peak with quality factor of about 3000 is reported. Biomolecules, e.g., DNAs, trapped in a hole functionalized with molecule probes made the wavelength shift of resonant peak derived in the output terminal. The sensitivity of various sensing holes along the nano-ring was characterized. This new PC nano-ring resonator demonstrated promising features as a biochemical sensor.
I. INTRODUCTION
O PTICAL sensing mechanisms receive considerable attention in the applications of chemical and biochemical sensors. Numerous optical chemical and biochemical sensors employed different sensing mechanisms such as directional couplers [1] and Bragg grating [2] have been reported. The sensing mechanisms are typically categorized into two main schemes. The first scheme is the detection of effective refractive index change in terms of homogeneous sensing, i.e., influenced by refractive index modification of covered medium. The second scheme is surface sensing, i.e., interfered by thickness change of thin biomolecular layer immobilized on surface [3] , [4] . The label-free affinity-based optical biosensors allow us to study the selective binding between target molecules and captured agents without using a fluorescence or radio label. The commercially available label-free affinity-based optical biosensors detect selective binding by measuring the change in refractive index at the surface of the sensor with approaches such as surface plasmon resonance and colorimetric resonance in a diffractive grating surface. These approaches involve large area optical beams and a sensing area as large as 1 mm . The associate editor coordinating the review of this paper and approving it for publication was Prof. Ignacio Matias.
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Micro-ring resonators which consist a ring waveguide sandwiched by two straight waveguides, i.e., bus and drop waveguides, have been reported as biosensors and biochemical sensors with good sensitivity due to high quality factor of resonant peak in output spectra [5] - [7] . De Vos et al. have reported detection of protein concentration down to 10 ng/ml based on a micro-ring resonator of 10 10 size, while the concept of packaging this micro-ring resonator inside a microfluidic channel has been revealed as well [8] . The circular resonant mode of ring waveguide is excited by incoming light from bus waveguide, and the light of resonant wavelength will be coupled into drop waveguide eventually. Thus, output spectrum of drop port reveals a resonant peak. The refractive index change of ambient fluidics or biomolecules bound on the surface of ring waveguide leads to the variation of resonant condition hence it shifts the resonant wavelength. In order to enlarge the free space range and enhance the quality factor of micro-ring resonator, the reduction of ring radius is required. However, it results in obvious increment of bending loss of conventional dielectric micro-ring waveguide.
Photonic crystals (PCs) is an even more attractive sensing platform, because two-dimensional (2-D) silicon based PCs comprise a group of holes in a silicon slab to form a periodic dielectric structure which is compliant with photonic band gap (PBG). The propagation of light within PBG frequency range is forbidden in PCs structure [9] , [10] . The light within the PBG frequency range is enabled to be guided or localized by introducing certain defects in the PCs structure. Therefore the local electromagnetic field is modified by surface state of holes, e.g., the various concentration of solution on top of PCs sensors. S. C. Buswell et al. demonstrated specific detection of proteins by sensing the cut-off wavelength of waveguide transmission mode based on 2-D PCs waveguides. Using immobilized biotin as probe, 2.5-nm-thick streptavidin film captured by biotin on the whole PC waveguide surface results in a 0.86 nm cutoff red-shift [11] . In contrast to the cutoff wavelength detection, measurement of resonant wavelength shift is a preferred sensing approach because the resonant peak of high quality factor enables high detection resolution.
With the aid of defects, microcavity or nanocavity based PCs resonators are demonstrated as PC sensors of high sensitivity in terms of resonant wavelength detection. First of all, PC resonator sensors are integrated in microbeams and microcantilevers for force and mechanical strain detection [12] - [14] . Secondly the resonant wavelength of PCs resonator sensors are extremely sensitive to a small refractive index change attributed to medium around hole surface. By using a 2-D PC microcavity based resonator, E. Chow et al. have demonstrated the measurement of ambient induced refractive index change via sensing the resonant wavelength shift [15] . It has been reported that the similar 2-D PC microcavity resonator can detect protein down to 2.5 fg [16] , a gold nanoparticle of 10 nm in diameter [17] , and ion concentration absorbed in ion-selective polymer coated on the resonator [18] . Recently S. Zlatanovic reported detection limit of anti-biotin as less as 20 pM, corresponding to less than 4.5 fg of bound material on the sensor surface of 50 and fewer than 80 molecules in the modal volume of the microcavity [19] .
A Si waveguide nanocavity resonator comprising one-dimensional (1-D) periodic holes and a local defect, i.e., a missing hole, leads to a highly confined optical state. It has been reported that the factor of the resonant wavelength peak is measured as 265 [20] . This kind of Si waveguide nanocavity resonator has been investigated in terms of biosensors [21] , [22] . The advantage of Si waveguide nanocavity resonator over the 2-D PC microcavity resonator is its much smaller sensor area. This view point leads to a concept that a nanocavity resonator with localized high electromagnetic field in PC will render resonant peak of high quality factor and access of efficient light-matter interaction regarding extremely small volumes of analyte, i.e., about 1 fL. On the other hand, the direct-write dip-pen nanolithography (DPN) can perform immobilization of protein and DNA in a nanometer scale patterns and holes [23] , [24] . Such DPN technology gives us an opportunity of applying a single hole of micro/nanocavity of the PC resonators as the sensing element. As a result, specific biomolecule detection of captured a few molecules within a small hole of very small volume, e.g., 1 fL, can be technically realized. Recently, Intonti et al. reported a spectral tuning mechanism of photonic crystal microcavities based resonator by adding water into one or few holes in the microcavity area such that tunable resonator of high quality factor was demonstrated [25] . These evidences show that localized modification of surface state of one or more holes in a specific location in 2-D PCs is technically feasible.
In this paper, we propose a novel PCs based nano-ring resonator of hexagonal lattice for biomolecular sensing application and explore sensitivity upon a scenario of a single hole binding mechanism. Owning to the well light confinement, the size of hexagonal nano-ring resonator is as small as 3
. Comparing with the reported studies of PCs based microcavity sensors, we focus on the sensing phenomena in a single hole and the location of such a hole in between waveguide and nano-ring resonator.
II. RESONATOR CONFIGURATION AND OPTIMIZATION
In contrast to micro-ring resonator, 2-D PCs based nano-ring resonators provide very well optical confinement due to ultra low bending loss. Among the reported 2-D PCs based nano-ring resonators, devices of the cascaded cavities of point defect [26] and square ring defect [27] , [28] have been studied. In comparison with the nano-ring resonators of square lattice, the bending angle of hexagonal nano-ring resonator is not as sharp as the square ring. The effect of counter-propagating mode [29] is significantly suppressed. Suspended InGaAsP membrane based microcavity of hexagonal lattice has been demonstrated as a refractive index sensor with quality factor as high as 6400 [30] , while 2-D PCs resonator made of silicon based nano-rods of hexagonal lattice has been reported as a channel drop filter [31] . Hsiao and Lee have reported modeling results of silicon nanoring resonator formed by having air holes in hexagonal lattice [32] . Characteristics of channel drop filter have been computationally explored. Briefly speaking, the 2-D PCs based hexagonal nano-ring resonators have higher filling factor than counterparts of square lattice, thus better intrinsic light confinement and wider band gap range can be obtained.
The 2-D PCs structure of hexagonal lattice is derived from the 220 nm thick device layer of a silicon-on-insulator (SOI) wafer. All surface of PCs structure is covered by water because the device is embedded in a microfluidic channel for biochemical sensing applications. The effective refractive index (ERI) approach and 2-D plane wave expansion (PWE) methods are employed to estimate the band gap of PCs structure as shown in Fig. 1 . The inset of Fig. 1 denotes the lattice constant ( ) of 410 nm and the radius of holes ( ) of 120 nm. The ERI of silicon and water are 2.825 and 1.33, respectively. The two highest symmetric directions are denoted as and in Fig. 1 . The band structure shows that the reduced first photonic band gap extends from 0.25 to 0.288 for TE polarized light, i.e., electric field is parallel to surface of silicon device layer. The corresponding wavelength range of the band gap is between 1423 and 1640 nm.
The coupled elements of PCs based waveguides and resonators have been applied to Fabry-Perot resonators formed by a short line defect in PCs structure [33] . The hybrid micro-ring resonator and PCs has been also reported [34] . In our design, the PCs based nano-ring resonator is formed by integrating terminal waveguides, i.e., line defects, and a hexagonal ring waveguide, i.e., a hexagon trace defect, as shown in Fig. 2(a) . The bottom terminal waveguide is refereed as the bus waveguide which allows the input light from the left side of waveguide (marked by yellow arrow) to excite the resonant mode of the nano-ring resonator. Then the resonant light coupled to the upper terminal waveguide, i.e., the drop waveguide. ERI approach and 2-D finite-difference time-domain (FDTD) methods are employed to investigate the performance of nano-ring resonator. A temporal light pulse is launched into the bus waveguide. The output signal is recorded by a time monitor at the drop port or output port. The output spectrum is obtained by applying the Fast-Fourier Transform to the temporal signal recorded by the time monitor. Fig. 2(b) shows the output spectra of a nano-ring resonator as shown in Fig. 2(a) . The resonant peak reveals at 1550.5 nm with the quality factor of around 2400.
The optimization of the performance of nano-ring resonator is performing by varying two geometric parameters, i.e., the ring radius and coupling distance [ Fig. 2(a) ]. For example, the ring radius is five-hole and the coupling distance is two-hole as shown in Fig. 2(a) . Resonant wavelength and output spectra are changed with the variation of ring radius and coupling distance. According to various combinations of ring radii and coupling distances within the photonic band gap range, we choose the strongest spectral resonant peak as the major resonance. Fig. 3 demonstrates the quality factor of the major resonant peak of nano-ring resonators with different coupling distance for three kinds of ring radii. The quality factors of ring radius of five, six, and seven-hole resonators are marked by black, red and blue lines, respectively. It shows that the quality factors are increased as the coupling distance arising. Larger coupling distance results in the improvement of light confinement hence it enhances the quality factor. Additionally the quality factors of the resonator with ring radius of five-hole are better than the other two cases for different coupling distances. The quality factor of resonators of five-hole ring radius and of two and three-hole coupling distance is derived as 2400 and 3200, respectively. Thus, we deployed these two resonator structures in our study in terms of biochemical sensing feasibility. Fig. 4(a) sketches the nano-ring resonator of two-hole coupling distance and five-hole ring radius. The nano-ring resonator is assumed to be packaged inside a fluidic channel. Particular holes at the boundary of resonator near the bus waveguide are investigated in terms of the ERI change inside a hole. Initially we consider all surface of resonator is covered by water, and the derived resonance peak is shown as the black peak in Fig. 4(b) . Secondly a particular sensing hole is fully occupied with biomolecules, such as proteins and DNAs, i.e., the trapped analytes due to the biomolecule binding mechanism. The ERI in such a sensing hole is considered as 1.45. The positions of these sensing holes are marked in Fig. 4(a) as I1 to I3, and O1 to O5, because the holes of I1 to I3 and O1 to O5 means the holes located at the inner boundary and the outer boundary regarding to the nano-ring resonator, respectively. The scenario of detection of biomolecules of very small amount in a fluidic channel is that the biomolecules are carried by flow and transited trough the sensing hole. Selective binding mechanisms provided by antigen to antibody and DNA probe to DNA are deployed to capture these biomolecules in flow and to trap such biomolecules inside the sensing hole. When we investigated each individual hole as the sensing hole, the derived spectra are represented as red, green and blue peaks for cases of O2, O3, and O4, respectively. The resonant wavelength of these cases shifts to longer wavelength region, i.e., the red-shifted behavior, when each case has one sensing hole fully occupied with biomolecules. Both the resonant wavelength and peak intensity are related to the positions of sensing holes.
III. EVALUATION OF SENSING CHARACTERISTICS

A. Nano-Ring Resonator With Two-Hole Coupling Distance
In fact, we have conducted the extensively investigation on position effect of sensing hole. The resonant wavelength shift and quality factor of resonant peak for resonators of individual sensing hole of I1 to I3 and O1 to O5 are shown in Table I . The results show that the wavelength shift is strongly dependent on the position of sensing holes. The most sensitive holes are O2, O3, and O4, while the largest wavelength shift is derived as 0.65 nm in the O4 case. In contrast, the biomolecule bound in the holes along the inner boundary of resonator only leads to slight resonant wavelength shift. The phenomenon implies that the resonance or light confinement condition of nano-ring resonator is mostly dominated by the outer boundary of ring. The strong dependence of position of sensing holes allows the feasibility in not only quantitative sensing but also the binding location detection. It is worth to notice that the quality factors do not fluctuate significantly in terms of the variation of position of sensing holes. It points out an advantage of maintaining the sensitivity and providing distinguished resolution during detection process.
To characterize the dependency of sensing hole location and resonator intrinsic behavior for cases of O2, O3 and O4, we calculated the steady resonant mode of this nano-ring resonator. The temporal light source in computed model of the spectra simulation is altered by a mono-frequency continue light source. The wavelength is set to be same with the resonant wavelength, i.e., the reference peak in Fig. 4(b) as of 1550.5 nm. The steady out-of-plane magnetic field is represented by a color map in Fig. 5(a) . The fields in red and blue color are out of phase. The darkness of red or blue zone means the relevant intensity of localized light energy, i.e., the darker color is the stronger Fig. 4(a) .
intensity. The position of O2, O3, and O4 is denoted by the arrow marks. It shows that the strong magnetic field penetrated through the silicon matrix among O2, O3, and O4. Thus the resonance condition is sensitive to the alteration of ERI of these holes. On the other hand, there are not much energy distribute near the holes at O1, O5, I1, I2, and I3, such that the ERI variation inside these holes does not give rise to significant effect upon the resonance condition.
Furthermore, the relation between resonant wavelength shifting and the variation of ERI (from 1.33 to 1.45) of sensing holes is investigated for the three most sensitive holes, i.e., O2, O3, and O4. The results are shown at Fig. 5(b) . The black, blue and red lines indicate the trend of wavelength shift as a linear function of the ERI change in hole O2, O3 and O4, respectively. With an assumption that the trapped biomolecules are in homogenous distribution within a sensing hole of 240 nm in diameter, the wavelength shift is in proportion to the ERI derived in the sensing hole. The smaller ERI within the sensing hole refers to the case that the density of DNA inside the sensing hole becomes smaller. The ERI of 1.45 in the sensing hole means that the hole is fully filled by biomolecules. Referring to the average density of DNA molecules as of 0.15 [35] , the derived weight of DNA molecules inside a sensing hole is about 1.5 fg. In the case of homogenous distribution of DNA molecules in the sensing hole, the ERI of 1.35 in a sensing hole refers to the case that there are DNA molecules of 0.25 fg inside a sensing hole. We can define the sensitivity as resonant wavelength shift, i.e., nm, per biomolecule weight in unit of fg. As a result, the sensitivity of nano-ring resonator with a sensing hole at O2, O3, and O4 is derived as 0.26, 0.36, and 0.43 nm/fg, respectively. With respect to 0.1 nm resolution provided by most commercial measurement tools, the minimum detectable biomolecule weight in the sensing hole O4 for a nano-ring resonator of five-hole ring radius and two-hole coupling distance is derived as 0.23 fg.
B. Nano-Ring Resonator With Three-Hole Coupling Distance
We further studied another nano-ring resonator structure with larger coupling distance, i.e., 3 holes. Fig. 6(a) shows this resonator with sensing holes of I1 to I3 and O1 to O5 as same as the locations defined in Fig. 4(a) . The simulation process follows the same procedure as we conducted for nano-ring resonator with two-hole coupling distance. As shown in Fig. 6(b) , the reference black peak at 1550.8 nm and with the quality factor of around 3200 is the resonant peak obtained when nano-ring resonator is covered by pure water. The red, green and blue peaks are the output spectra derived for nano-ring resonator of three-hole coupling distance for the sensing hole at O2, O3, and O4, respectively. Again, we considered the sensing hole is filled by biomolecules, while the ERI in such a sensing hole is considered as 1.45. Table II lists the wavelength shift and quality factor derived for nano-ring resonator using individual sensing hole as depicted in Fig. 6(a) . The results of Fig. 6(b) and Table II show that the most sensitive resonator configurations are still referring to sensing holes of O2, O3, and O4, in which it is the same as the observation in Fig. 4(b) and Table I . However, the most sensitive hole is O3 in Table II but not the O4 in Table I , while the quality factor maintain above 3000 in all cases in Table II . In comparison of Figs. 6(b) and 4(b), the intensity difference among different resonant peaks in Fig. 6(b) is smaller than the difference observed in Fig. 4(b) . It facilitates the measurement of fabricated nano-ring resonator in future. Besides, the output intensity of resonant peaks in Fig. 6(b) is about two times higher than the ones in Fig. 4(b) . It indicates that the nano-ring resonator of three-hole coupling distance as shown in Fig. 6(a) reveals better drop efficiency. Fig. 7(a) shows the out-of-plane magnetic field of the steady resonant mode of the nano-ring resonator of three-hole coupling distance as shown in Fig. 6(a) . The magnetic field distribution reveals that the light energy penetrates deeply into the holes O2, O3, and O4. Especially, most of light coupled from bus waveguide into ring resonator is through the surrounding area of the sensing hole O3. It provides a rational explanation about why the highest wavelength shift is observed for the sensing hole O3. Fig. 7(b) shows the trend of wavelength shift as a function of the ERI change in holes O2, O3, and O4. All cases show data in linear proportion to the ERI change. As mentioned before, the sensitivity of nano-ring resonators of three-hole coupling distance with various sensing holes at O2, O3, and O4 is derived as 0.3, 0.5, and 0.38 nm/fg, respectively. The minimum detectable biomolecule weight in the sensing hole O3 for a nano-ring resonator of five-hole ring radius and three-hole coupling distance is derived as 0.2 fg. It means 15% improvement is observed for a nano-ring resonator of three-hole coupling distance than the one of two-hole coupling distance in terms of the minimum detectable biomolecule weight. According to this calculated detection limit, it is about ten times better than previous reported data [16] , [19] . In future implementation, a lab-on-a-chip (LoC) device comprising microfluidic channel integrated on the nanoring resonator is expected as a promising sensor for biochemical sensing such as DNA and protein detection. LoC device with detection resolution down to 0.2 fg will play important role in point-of-care diagnostics and rapid drug screening applications.
IV. CONCLUSION
In summary, we demonstrated the feasibility of a PCs-based nano-ring resonator for biochemical sensing applications. The nano-ring resonator comprises hexagonal waveguide and two terminal waveguides in a 2-D silicon PCs substrate of hexagonal lattice when we considered the whole resonator is embedded inside a microfluidic channel. The proposed nano-ring resonator combines advantages of ring resonator and 2-D PCs such that it reveals high quality factor, small footprint and very high sensitivity. The geometric configuration of nano-ring resonator was optimized. The results show that the higher coupling distance enhances the quality factor and drop efficiency. The quality factors of the nano-ring resonators of two-hole and three-hole coupling distances are derived as 2400 and 3200, respectively. We also investigated the sensitivity for the nano-ring resonators of two-hole and three-hole coupling distances in terms of the position sensing holes. The resonant wavelength shift shows strong dependence on the position of sensing holes and linear proportion to the ERI change within the sensing hole. The minimum detectable biomolecule weight in a sensing hole for a nano-ring resonator of two-hole and three-hole coupling distance is derived as 0.23 fg and 0.2 fg, respectively. It shows promising applications which demands detection of biomolecules down to the level of single copy of DNA.
